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Boeing Aerospace Company 
Kent, Washington 98032 
Small satellites are expected to play an increasingly 
important role in the flight of space experiments in 
the post-Challenger era. This paper describes a 
telescience vapor crystal growth experiment using a 
small standardized satellite carrier launched into 
low earth orbit. Scenarios are presented in which 
crystal growth experiments using a transparent 
furnace can operate from 8 hours at 900° C up to 48 
hours at 125°C. This is followed by an 89 hour 
period during which the battery is slowly recharged 
from solar cells mounted on the satellite carrier. 
Tracking, telemetry, command, and monitoring 
requirements can be met by utilizing existing tech-
nology. A small reentry vehicle is required for 
sample return. It _ is concluded that sample temper-
ature and experiment duration are constrained by 
battery capacity which is mass limited, but that 
meaningful vapor crystal growth science results can 
be obtained using small satellites if a small sample 
return vehicle is developed. 
INTRODUCTION 
Semiconductor devices are often limited in performance due to the 
size and quality of the crystalline materials. Although a substantial 
amount of research has been undertaken to grow high quality com-
pound crystals (e.g. GaAs and HgCdTe), these crystals are still very 
difficult to grow. Vapor crystal growth techniques have been 
employed in the laboratory to improve the growth of these materials 
in experimental quantities. Vapor crystal growth methods have also 
been studied extensively in space [1]. In every case, larger and more 
uniform crystals have been grown. These earlier space experiments 
produced scientifically significant crystals that had few, if any, prac-
tical applications. Recent efforts have applied these techniques to 
industrially significant materials capable of producing improved 
semiconductor and electrooptic devices. 
Since the initiation of NASA's Get Away Special (GAS) payloads in 
1982, significant scientific research has been accomplished in a cost 
and time effective manner using self-contained GAS experiments. As 
the GAS program matured payloads were developed which required 
the use of an ejection mechanism and thus became satellites such as 
NUSAT and GLOMR [2,3]. This development has resulted in the con-
cept of a small standardized satellite carrier such as CANSA T which is 
larger than its GAS predecessor [4]. Recently there has been avid 
discussion of the merit of a small standardized carrier capable of 
providing basic satellite services in Low Earth Orbit (LEO). These 
small satellite carriers are gaining notoriety due to new commercial 
launch vehicles currently under development [5]. Soviet and Chinese 
researchers have already flown spacecraft which used an unmanned 
orbital return capsule for materials processing [6]. 
Since the Challenger tragedy, the materials processing community is 
searching for new flight opportunities to process industrially signi-
ficant materials in LEO and return them to Earth. The purpose of this 
paper is to conduct a initial feasibility assessment of small satellites 
to accommodate space based materials processing experiments of 
crystal growth by vapor transport methods. 
EXPERIMENT SCIENCE DESCRIPTION 
Vapor crystal growth is a process whereby polycrystalline source 
materials are vaporized and subsequently condensed as a single 
crystal. There are many variations of vapor growth discussed exten-
sively elsewhere [7-9]. Though the details of these processes are 
different, the requirements imposed on the growth system are 
similar. The basic method used in the present evaluation is 
described a3 bulk unseeded physical vapor transport crystal growth 
in sealed chambers. A polycrystalline source is located at one end of 
a sealed, cylindrical, fused-silica growth chamber. The growth end of 
the chamber is initially free of any crystal or other materials. The 
growth chamber is placed in a furnace, then the temperature is 
raised generating an appreciable vapor pressure from the source 
material. A temperature difference is imposed between the source 
and growth ends of the chamber. Because the vapor pressure must 
be constant in a sealed chamber and gas density is a function of 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
temperature, vapor must transport from the hot to the cool end of 
the chamber. Condensation occurs at the growth end due to super-
saturation of the vapor at the lower temperature. If the proper 
conditions are established, single crystal growth can result. 
On Earth, there are two primary transport mechanisms, convection 
and diffusion. Even in conditions where diffusion is the primary 
transport mechanism, convection has been shown to adversely effect 
the quality of crystals grown from the vapor phase [10]. Vapor 
crystal growth experiments completed in space have shown that 
minimizing gravity can substantially increase the size and the im-
prove the quality of crystals grown from the vapor phase relative to 
crystals grown on Earth under otherwise equivalent conditions [1]. 
Although extensive research is required to quantitatively understand 
the fluid dynamics, nucleation kinetics, and the crystal growth un-
derlying these improvements, they are basically due to the increased 
uniformity of the vapor transport to the growing crystal caused by 
the elimination of buoyancy driven convective flows in the vapor. 
The conditions required for optimum growth depend on the partic-
ular material composition grown. Once the growth chamber is sealed, 
the only adjustable parameters are the relative temperature and the 
temperature gradient. Growth rates for most vapor grown crystals 
range from 0.01 to 1 gm/day, depending on many factors. For many 
materials, short duration (Le. 8 hours) experiments will be sufficient 
to grow crystals large enough to perform the characterization and 
prototype device development necessary to quantify their industrial 
potential. For these industrially significant materials, processing 
temperatures can range from 125°C to over 1000°C with gradients 
from 3°C/cm to more than 150°C/cm. However, for the purposes of 
this study the maximum operating temperature is 900°C with a max-
imum gradient of 100°C/cm. 
Crystal growth is an extremely delicate process. An essential step in 
the growth of single crystals is to .initially establish one nucleation 
(growth) site at the growth end of the chamber. If multiple nuclea-
tion sites develop, each will grow with a different crystalline orient-
ation. As growth proceeds, they will intergrow, resulting in a poly-
crystalline "boule" which will at best contain single crystal grains. 
One method utilized to control this process is to initiate the exper-
iment with the chamber entirely in the hot end of the furnace. The 
growth end of the chamber is slowly pulled toward the cooler region 
of the furnace until nucleation takes place. If, as often occurs, 
multiple nucleation sites are observed, unwanted :~ites can be 
revaporized by moving the chamber a small distance back toward 
the hot end of the furnace. This 'seed selection' technique is 
discussed ex.tensi vely elsewhere [11]. Once nucleation has been 
properly established, the growth chamber is pulled continuously, 
maintaining the crystal growth front at the temperature for optimum 
growth. 
Since vapor growth is a relatively slow process with growth rates on 
the order of tens of microns per hour, continuous observation is not 
required. The adjustments discussed above can be accomplished 
based on intermittent still images of the nucleation site(s). There-
fore, the adjustment decisions can be made by the principal investi-
gator on the ground provided in situ images are downlinked from the 
satellite. This makes it possible to consider the concept of a small 
dedicat~d satellite storing images and downlinking them to an 
operator on the ground who could then uplink commands to the 
satellite to adjust and optimize the growth process. 
SYSlEM DESCRIPTION 
The mission scenario considered would use a small satellite in LEO to 
process compound crystalline materials. Once the satellite has 
reached its orbit the computer stabilizes the satellite attitude and 
then initiates an experiment by removing a growth chamber from 
storage and placing it into the furnace for processing. The ground 
station contacts the satellite and confirms the command and 
telemetry communication link. The commands consists of experi-
ment temperatures and duration, and chamber positioning adjust-
ments while the telemetry consists of temperatures and digitized 
images of the growing crystal, and other housekeeping data. The 
experiment continues at the specified temperature for the specified 
duration or until the battery discharges to a preset level. Then the 
experiment is halted and the sample is placed back into storage. The 
computer then controls the power management of the solar array 
and battery such that a long series of step-up charges fully recharges 
the battery. This cycle is repeated until all six samples have been 
processed. After the last sample is processed a sample return 
vehicle is separated from the satellite and de orbited, returning the 
samples to Earth. 
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Some assumptions were necessary during this assessment. They 
include: 1) the satellite is subject to the CANSAT [4] (considered by 
the authors to be the forerunner of small standardized satellite 
carrier development) constraints in mass and volume; 2) sample 
return technology can be adapted to small satellite applications 
subject to CANS AT constraints; 3) simple satellite attitude deter-
mination and stabilization technology can be employed to satisfy 
assumption 2; and 4) composite structure technology can be adapted 
to LEO environments and small satellite applications. 
System requirements are derived from the (self-imposed) physical 
constraints of the CANSA T concept [4]. The performance require-
ments are then derived from the scientific objectives of the experi-
ment using transparent furnace technology. Table 1 shows the basic 
system requirements for a vapor crystal growth experiment utilizing 
a CANSA T carrier. 
Table 1 
BASIC SYS1EM REQUIREMENTS 
Characteristics 
Payload Size 
Payload Volume 
Payload Mass 
N umber of Samples 
Sample Processing 
Orbital Attitude 
Attitude 
Payload Lifetime 
Acceleration Levels 
Furnace Oper. Pressure 
Furnace Temp. Range 
Payload Power 
Solar Array Power 
Energy Storage 
Heat Rejection 
Reentry Vehicle Payload 
Requirements 
0.483 m dia. by 0.889 m long 
162.6 liters 
90.6 kg 
6 max" changeout req'd 
8 up to 48 hours 
Spin stabilized 
Normal to radiator coincident 
with velocity vector 
24 to 35 days 
~10-6 G'S 
~1 0-4 Torr 
125 to 900°C 
up to 345 watts 
60 watts 
2.44 kWhrs, 10% reserve 
up to 335 watts 
-2 kg 
The elements of the satellite meeting the requirements of Table 1 
include a transparent furnace, sample changeout mechanism, visual 
monitoring and electrical subsystems, structure, power subsystem, 
heat rejection, and sample return vehicle which are discussed in the 
ensuing sections. In addition, an operational envelope is presented, 
considering an increase in satellite mass enabling a battery with 
greater capacity to extend experiment duration. Figure 1 shows the 
system block diagram. 
Transmitter 
Structure 
Receiver 
Sample 
Changeout 
Mechanism 
Memory 
CPU 
Image 
Processor 
r"'---,.-~ Solar Array 
CCD 
Imager 
Optics 
Transparent 
Furnace 
Power 
Mgt 
Battery 
Figure 1. System Block Diagram. 
Transparent Furnace 
Transparent furnaces have been used in ground based crystal growth 
studies for many years [12]. Figure 2 shows a photograph of a 
typical ground based transparent furnace. Insulation is provided by 
the inner wall of a glass (mirror) tube vapor deposited with a thin 
gold film. The film is over 90% reflective in the infrared spectrum 
and ...... 80% transmissive in the visible spectrum. For a 900°C black-
body, with less than 1 % of the energy in the visible spectrum, the 
mirror tube reflects most of the radiant energy back into the furnace 
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interior while allowing the observer to view the growth chamber. 
Spirally wound resistance heating elements (heater coils) are coaxial-
ly located inside the mirror tube and function as radiant heat 
sources. Figure 3 shows a cross section of the transparent furnace 
illustrating a fused silica growth chamber located along the axis of 
transparent furnace. 
Figure 2. Typical ground based transparent furnace. 
[Photograph taken by Jay Stewart] 
~GlaSSTUbe ~ 
Growth Chamber 
o 0 o 
Source Growing ~~=======~~...-- Crystal 
Figure 3. Cross section of a transparent furnace (not to 
scale). 
The flight furnace design must consider differences between those of 
a ground based laboratory versus those of launch and LEO environ-
ments. These include launch loads, operation in a vacuum, and 
exposure to atomic oxygen among others. Additional design con-
straints considered must include mass and net energy available per 
experiment. A two sample prototype flight transparent furnace has 
been developed and tested for. operation on the Space Shuttle 
middeck accounting for some of these differences, but due to the 
additional safety constraints imposed in a manned environment, the 
requirements on this furnace are more extensive than those 
necessary on a small satellite like the one considered in this study. 
Figure 4 shows a photograph of the two sample prototype flight· 
transparent furnace which is discussed extensively elsewhere [13]. 
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Figure 4. Two sample prototype flight transparent 
furnace for use on the Space Shuttle Middeck. 
[Photograph taken by Gail Bonhoff-Hlavacek] 
The transparent furnace used for this study has heater coils and 
mirror tube surrounded by a stainless steel shell which is evacuated 
to a pressure of :s; 10-4 Torr. A single viewport in the shell wall 
provides the interface to the visual monitoring subsystem. The 
endcaps provide mechanical support to the mirror tube and heater 
coils. One endcap interfaces to the sample change out mechanism that 
loads chambers from storage into the furnace and adjusts the growth 
chamber position during operation. The other endcap, along with 
most of the shell, is brazed to heat pipes which transfer waste energy 
to the radiator. Figure 5 shows a single sample transparent furnace 
power versus temperature estimates, these are based on analysis 
and test of using the existing two sample prototype flight trans-
parent furnace as shown in Figure 4. 
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Figure 5. Estimated power versus temperature for a sin-
gle sample transparent furnace. 
In addition to being able to view the growth process, transparent 
furnaces are inherently less massive than typical furnaces using 
ceramic insulation. Therefore, they require less time and less energy 
to heat up due to their low heat capacity. The estimated furnace 
mass and volume including the core with the mirror tube and heater 
coils, the shell with the viewport, and the endcaps is 11 kg and 5 
liters, respectively. These estimates are substantiated by our 
experience with furnaces of similar design. 
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Sample Chan2eout Mechanism 
The sample changeout mechanism serves to maneuver samples 
between their storage locations in the sample return vehicle and the 
furnace and, in addition, adjusts the growth chamber position during 
operation. The mechanism is envisioned to have single axis move-
ment with a geared interface to the storage rack in the sample return 
vehicle rotating the rack into position for access to all six sample 
cartridges. The mechanis~ will be required to insert and withdraw 
cartridges to and from the storage rack and then must position the 
cartridge within the furnace to an accuracy of ~ 1 mm. Based on our 
experience with similar ground based transparent furnaces using 
motorized sample positioning it is estimated that a mechanism can be 
developed for this application and would have a mass of 5 kg and a 
volume of 4 liters. 
Visual Monitorin2 Subsystem 
The visual monitoring subsystem is responsible for acqUlnng in situ 
images of the growing crystal sample, digitizing those images and 
then transferring them to the computer for further processing. The 
visual monitoring subsystem consists of interior furnace lighting, 
magnifying optics, and - a Charged Coupled Device (CCD) 
imager/camera. Interior furnace lighting is accomplished by 
mounting a fused-silica rod inside the mirror tube within the 
furnace. This rod guides the light from a quartz-halogen light source 
to the region of interest. The lighting is activated only during 
imaging in order to conserve power. The optics and CCD imager are 
mounted on the exterior of the furnace. The CCD imager then 
digitizes an image of the region of interest with a resolution of 0.1 
mm in a gray scale of 8 bits and transmits the digital data stream to 
the image processor which performs limited data processing. Figure 
6 shows the region of interest C, in an enlarged photograph of the 
furnace interior. Since the region of interest is -4 cm2, this requires 
an approximate 400 X 400 CCD imager resulting in a digital frame 
size of 1.3 Mbytes. The image processor with the CPU reduces the 
digital frame size by frame subtraction and/or edge enhancement 
techniques [14] and stores the image(s) until the computer downlinks 
them to the ground station. During the nucleation period Image 
acquisition is frequent, but not necessarily the downlinking. This 
allows the computer to autonomously initiate single crystal growth 
by repositioning the sample cartridge if a uplinking command is not 
immediately forthcoming. Since vapor crystal growth is relatively 
slow, on the order of tens of microns per hour, only 1 or 2 down-
linked images per orbit are required. A trade study would be 
required to determine the optimum downlinking format and signal 
path. The advantage of digitizing the image is clear; in situ observa-
tion of the growing crystal is greatly simplified over conventional 
emulsion photography which would have to be returned to Earth. It 
is estimated that this subsystem can be developed using present CCD 
imaging technology. It's estimated that the visual monitoring sub-
system would have a mass of 2 kg and have a volume of 3 liters. 
Figure 6. Magnified view (-2 X) of the growth area 
within a transparent furnace. The identified objects are; 
A) Light rod, B) Heater coils, C) Growth area within the 
growth chamber, and D) Nucleation sites. [Photograph 
taken by Gail Bonhoff-Hlavacek] 
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Electrical Subsystem 
The Electrical Subsystem (ES) controls all electrical elements within 
the experiment. It performs the monitoring and control of furnace 
temperature and duration of operation, visual monitoring and 
processing of images, sample changeout, and a communications link 
with ground stations. It also performs satellite attitude determina-
tion and controls the magnetic torquer prior to and including sample 
return vehicle separation, power management of the solar array and 
battery, and heat rejection louver operation. 
With present space qualifiable electronics there are many sources of 
micro-power computers capable of performing the aforementioned 
tasks [15,16]. Simple low rate communications (2400 baud) using 
omni-directional antennas [17] and attitude determination using 
wide angle optical photoresistors [18] have been demonstrated by 
the NUSAT satellite in 1985, implying that these technologies could 
be enhanced to provide additional capability for this application. The 
NUSAT communication windows experienced by a fixed ground 
station were -5-7 minutes in duration [19] enabling up to 5 Mbytes 
of data to be transferred between the satellite and the ground station 
which would be sufficient to downlink the required 1 or 2 images 
per orbit. 
ES power consumption is minimal using the aforementioned technol-
ogy. It is estimated that the electronics, including communications 
which has a duty cycle of 10%, has an average power consumption of 
less than 10 watts. Additional power consumers, besides the 
furnace, are the sample changeout mechanism, image processor 
w/CCD imager, and the magnetic torquer. Since these items are not 
required to be very fast and their duty cycles are -1 %, their average 
power consumption is negligible when compared to the micro-power 
computer and communications hardware. The magnetic torquer will 
be used to stabilize the satellite prior to each experiment, inter-
mittently during the experiment, and at the end of the experiment 
prior to the separation of the sample return vehicle. The largest 
power consumer is the power management unit whose inefficiencies 
account for an estimated average power consumption of 20 watts 
during furnace operation. The power management unit contains the 
DC/DC convertors and the switching devices for furnace power 
control. To maximize the efficiency of furnace power control, small 
latching relays are switched on and off to various heater coils within 
the furnace with only 1 or 2 analog controlled MOSFET's modulating 
5-10% of the furnace power. Table 2 shows the estimated ES average 
power as 30 watts during furnace operation and 10 watts during 
non-operation. The estimated ES mass including wiring and 
connectors is 9 kg, and the volume (including transmitter/receiver, 
attitude sensors, and magnetic torquer) is 10 liters. 
Table 2 
ELEC1RICAL SUBSYS1EM POWER DEMAND 
Elemen t =-"N~o~m~.~=~..:.z..L Power(w)
Computer 
Communications 
Sample C/O Mech. 
CCD Imager w/ 
Image Processor 
Magnetic Torquer 
Power Mgt (losses) 
furnace oper 
w/o furnace oper. 
Total 
during furnace oper. 
w/o furnace opel. 
Structure 
5 
5 
25 
20 
50 
20 
3 
Dut~ C~cle(%) AV2· 
100 
10 
0.5 
1.0 
1.0 
100 
100 
Power(w) 
5.0 
0.5 
0.1 
0.2 
0.5 
20.0 
3.0 
~30 
~10 
A composite support structure was used in this study in an effort to 
increase the battery mass for additional capacity. Composite struc-
tures have been successfully used in earlier payloads [20], although 
these were not directly exposed to the ambient LEO environment. To 
use composites in the vacuum environment, nonvolatile coatings 
would be necessary to minimize outgassing of epoxy compounds 
from the support structure. The primary structure consists of a 
cylindrical shell 0.483 m diameter by 0.889 m in length with second-
ary structure consisting of shelves grafted onto the shell as necessary 
to support other system elements. The sample return vehicle is 
mounted in one end of the cylinder, while the radiator is at the other 
end of the cylinder with the heat pipes and furnace mounted to it for 
a reliable thermal conductive path. The battery would also be 
mounted to the radiator and the composite shell provided that its 
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temperature is maintained within reasonable limits. Based on past 
experience of designing and building composite structures in cylin-
drical envelopes [20], it is estimated that the mass of the structure is 
7 kg and the volume is 20 liters. 
Power Subsystem 
The power subsystem consists of power management capable of 
implementing battery charging/discharging and modulating furnace 
power, a battery, and solar array. The mission scenario requires the 
initial deep discharge of the battery over 8 to 48 hours followed by a 
series of step-up charges over 89 hours from the solar array until 
the battery is fully charged, when the cycle can begin again. 
The original CANSA T solar array could be used for this payload. 
However, the battery mass and volume increases by 8% and the 
battery recharging period is extended by a factor of 7 to over 600 
hours. Its estimated that a solar array comprised of GaAs cells would 
be preferred at the expense of increased cost for this higher power 
application. The solar array resides on the outside of the composite 
shell and its illumination is assumed consistent with the solar array 
modeled for the CANSAT carrier with two exceptions. The CANSA T 
solar array was modeled with 10% efficiency for solar energy con-
version and a 50% cell population resulting in a power generation of 
- 22 watts [4] . For this study, the preferred GaAs solar array is 18 % 
efficient and covers 75% of the outer surface which results in a 
power generation of -60 watts. 
Battery cell selection for this payload was entirely dependent on the 
mission scenario and the mass constraint of the CANSA T concept. 
The mission scenario requires that the battery energy capacity be 
determined by the largest allowable energy consuming experiment 
of minimum duration under normal operating conditions. This 
represents an experiment duration of 8 hours with 315 watts 
furnace power resulting in 900°C operating temperature, as shown in 
Figure 5. The battery mass constraint, accounting for other payload 
elements, must be <37 kg to allow any positive mass margin. The 
mission scenario and mass constraint guided the cell selection to a 
rechargeable (secondary) cell with the highest energy per unit mass. 
The zinc/silver-oxide (Zn/AgO) cell was chosen for the battery 
design. The Zn/ AgO has the disadvantages of poor storage life if a 
high rate cell is used (30 days for a current output of 50+ amperes) 
and low cycling (-100 discharge and charge cycles) ability [21]. Both 
of these inherit deficiencies were considered but were not critical to 
the mission scenario. Non-rechargeable (primary) lithium cells were 
also considered, but the large number of cells required to process the 
necessary samples demonstrated their inadequacy. Table 3 lists five 
of the highest energy per unit -mass cell technologies considered for 
this study [21]. 
Table 3 
BAITERY (CELL) ENERGY/UNIT MASS 
Type 
Zn/AgO 
Li/MoS2 
NiH2 
NiCd 
Li (non-rechargeable) 
Energy/Unit Mass (watt-hrs/kg) 
140 
90 
45 
35 
390 
The Zn/ AgO battery chosen must be physically sized with depth of 
discharge (DOD), packing factor, and reserve capacity derating 
criteria. The Zn/AgO cell energy per unit mass is derated by these 
criteria to realistically determine the battery mass based on its 
unique cell characteristics and operating environment. The DOD is 
80% maximum which leaves 20% of the battery capacity enabling a 
longer cycle life for the battery. The packing- factor is estimated to 
be 85% meaning that 15% of the battery mass is contributed by the 
packing materials and internal structure. The reserve capacity is 
90%, leaving 10% of the battery capacity reserved for contingency 
purposes. These factors yield a total derating of 61 %. Battery 
volume and recharging time (charging efficiency) are also derated at 
85% and 92%, respectively. To calculate the net energy requirement 
per experiment, an orbital period of 1.5 hours with 1 hour of sunlight 
and 0.5 hours of darkness is estimated. 
As stated earlier, battery capacity is determined by the largest 
allowable energy consuming experiment of minimum duration under 
normal operating conditions. The battery capacity calculated for this 
experiment is 2.44 kWhrs. The battery mass is estimated at 29 kg. 
The battery volume is determined by dividing the battery capacity 
requirement by the derated volumetric energy density for Zn/ AgO 
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cells (0.30 wHrs/cm3) resulting in a battery volume of 10 liters [21]. 
The battery recharging time is determined by dividing the battery 
capacity by the derated energy input per orbit when the ES is active 
and the furnace is dormant. The battery recharging cycle is 
approximately 89 hours. 
Heat Rejection 
Heat pipes will be utilized to transfer waste heat from the furnace 
shell and the power switching electronics to an aluminum radiator 
for removal from the system. Heat pipes are a passive means of 
transferring energy and require no moving parts or active controls, 
thus increasing reliability and minimizing vibration. This is essential 
in maintaining the low gravity environment of LEO. 
To assess radiator requirements it was estimated that a 0.183 meter2 
radiating surface was available. The normal to the disc surface 
coincides with the velocity vector. A surface emissivity of 0.85 was 
estimated for a painted aluminum radiator [22]. A steady state heat 
rejection of >335 watts can be obtained by heat pipe energy transfer 
to a single-sided radiator in predominately deep space viewing 
conditions [22]. A louver system is envisioned to reduce tempera-
ture increases during solar exposure and reduce temperature 
decreases during the recharging cycle when there is minimal internal 
energy generation. If variable conductance heat pipes can be 
developed that operate at these temperatures, it may be possible to 
eliminate the louvers and reduce the radiator mass to increase 
battery mass [23]. Total estimated heat rejection mass including heat 
pipes is 7 kg and volume is 10 liters. 
Sample Return Vehicle 
Due to the mass and volume limits imposed on the CANSAT carrier, 
returning the entire payload is impractical. Therefore, a Sample 
Return Vehicle (SRV) is required to deliver grown crystal samples 
processed within the satellite to Earth for analysis and/or device 
fabrication. The SRV consists of a means for vehicle separation from 
the satellite followed by a delta-V deorbit maneuver, thermal 
protection, location determination, and limited guidance capabilities 
using a controllable gliding parachute. This system element is the 
most technically risky assumption presented in this study partially 
due to the limited amount of open literature available about this 
technology. However, it is known that Soviet and Chinese 
researchers have used SRVs to return processed samples to Earth, 
although it is not known whether the entire payload or just the 
samples were returned [6]. The standard reentry vehicle used to 
date in the US had a total mass of 227 kg, was 0.84 m in diameter 
and carried a payload of 100 kg [24]. A derivative of this standard 
SRV maybe be scaled down to 0.38 m in diameter with its length 
approximately equal to its diameter to establish proper ballistics 
coefficients [19,24]. A magnetic torquer is used for satellite attitude 
pointing and stabilization. Satellite position including velocity vector 
information obtained by a ram-air detector and a delta-V maneuver 
are the necessary requirements for proper satellite separation and 
deorbiting [19]. Based on the scaling potential presented, a SRV of 
0.46 m in diameter and length was estimated for this study. This 
SRV is estimated to have a mass of 12 kg and a volume of 75 liters 
although limited technical basis has been developed to support this 
estimate. 
Operational Envelope 
The elements described in the previous sections are summarized 
here, then an operational envelope is described and presented. From 
the system requirements listed in Table 1, element mass and volume 
estimates were calculated in their respective sections. Table 4 
summarizes the system element mass and volume estimated for this 
study. 
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Table 4 
SYSTEM ELEMENT MASS AND VOLUME ESTIMA'IE 
Element 
Transparent Furnace 
Sample C/O Mechanism 
Visual Monitoring Subsys. 
Electrical Subsystem 
Structure 
Power Subsystem 
Heat Rejection 
Sample Return Vehicle 
Total 
CANSAT Allocation 
Margin 
Mass (kg) 
11 
5 
2 
9 
7 
29 
7 
li 
82 
90.6 
+10% 
Volume (liters) 
5 
4 
3 
10 
20 
10 
10 
....J.2.. 
137 
162.6 
+18.7% 
The operational envelope as defined for this study illustrates the 
compromise between power and experiment duration for one sample 
processed in a transparent furnace. Although the current CANSA T 
mass constraint allows 90.6 kg, if the allowable mass were increased 
to 113.6 kg or to 136.4 kg, the battery mass could increase by 20 kg, 
and 40 kg, respectively. The battery volume would also increase by 
7 liters and 13 liters, respectively. but in neither case would it 
exceed the current allowable CANSA T volume. Increasing allowable 
satellite mass would increase experiment duration for constant 
power. Figure 7 shows experiment duration for versus available 
furnace power for allowable masses of 90.6, 113.6, and 136.4 kg. 
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Figure 7. Experiment duration versus available furnace 
power for allowable masses of 90.6, 113.6, and 136.4 kg. 
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The purpose of this paper was to conduct a initial feasibility assess-
ment of a telescience vapor crystal growth experiment using small 
satellites. During the assessment of this experiment there were 
many design intensive issues that were too complex to present 
within the scope of this paper. These issues would have required 
significant additional resources to properly address them and are 
best left to the aerospace community at large for further investi-
gation. The issues introduced in the paper and presented here are 
by no means inclusive of the complex integration of intricate 
subsystems required for satellite deployment and operation, and in 
this case, retrieval. The issues for further discussion include sample 
return vehicles and cost estimates. 
A sample return vehicle must be developed for small satellite users. 
It would be capable of returning a limited amount of mass and 
volume required for sample return, but not necessarily the entire 
payload. From our studies, it's reasonable to assume that such a 
vehicle would probably be volume limited, consistent with current 
satellite carrier' concepts. 
The cost estimates for small satellite carrier development are critical 
to their overall success. Realizing the true costs for this type of 
development will improve the management and marketability of 
small satellites. We advocate that it is less costly to fly now than fly 
later, having missed potential research and business opportunities. 
Moreover, we believe that the GAS design philosophy established to 
date is an integral part of the effort underway to develop standard-
ized satellite carriers. 
CONCLUDING REMARKS 
From the initial feasibility assessment presented in this paper, there 
are three important points that we conclude: 
1) The presented telescience vapor crystal growth experiment usmg 
small satellites is technically feasible provided a sample return 
vehicle can be developed meeting the requirements of this system 
within the current CANSAT constraints. 
2) Net energy capacity provided by the battery and solar array is 
the single determinant of experiment duration with the mlSSlon 
scenario described in this paper. 
3) This assessment demonstrates the feasibility for other small 
satellite materials processing experiments that meet the physical 
constraints described in this paper. 
Future standardized satellite carrier designs must consider the 
Materials Processing in Space (MPS) users by developing carriers 
with increased mass and power capabilities. The small satellite 
carrier coupled with commercialized launch vehicles could provide 
the only reliable means to space for MPS users in the next 5 to 10 
years. 
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